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The influence of electronic excitation on transport processes in non-equilibrium high-temperature
ionized mixture flows is studied. Two five-component mixtures, N2=N
þ
2 =N=N
þ=e and
O2=O
þ
2 =O=O
þ=e, are considered taking into account the electronic degrees of freedom for atomic
species as well as the rotational-vibrational-electronic degrees of freedom for molecular species,
both neutral and ionized. Using the modified Chapman-Enskog method, the transport coefficients
(thermal conductivity, shear viscosity and bulk viscosity, diffusion and thermal diffusion) are cal-
culated in the temperature range 500–50 000K. Thermal conductivity and bulk viscosity coeffi-
cients are strongly affected by electronic states, especially for neutral atomic species. Shear
viscosity, diffusion, and thermal diffusion coefficients are not sensible to electronic excitation if
the size of excited states is assumed to be constant. The limits of applicability for the Stokes rela-
tion are discussed; at high temperatures, this relation is violated not only for molecular species but
also for electronically excited atomic gases. Two test cases of strongly non-equilibrium flows
behind plane shock waves corresponding to the spacecraft re-entry (Hermes and Fire II) are simu-
lated numerically. Fluid-dynamic variables and heat fluxes are evaluated in gases with electronic
excitation. In inviscid flows without chemical-radiative coupling, the flow-field is weakly affected
by electronic states; however, in viscous flows, their influence can be more important, in particular,
on the convective heat flux. The contribution of different dissipative processes to the heat transfer
is evaluated as well as the effect of reaction rate coefficients. The competition of diffusion and heat
conduction processes reduces the overall effect of electronic excitation on the convective heating,
especially for the Fire II test case. It is shown that reliable models of chemical reaction rates are of
great importance for accurate predictions of the fluid dynamic variables and heat fluxes. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4975315]
I. INTRODUCTION
Growing interest in theoretical studies of high-temperature
reacting flows with excited electronic degrees of freedom is
connected to the problems of spacecraft (re)entry to plane-
tary atmospheres and the design of thermal protection sys-
tems, which, in particular, needs reliable data on transport
processes and their influence on heat and mass transfer.
During the planetary entry of an aircraft, the temperature
grows sharply behind a shock wave up to thousand degrees
Kelvin, which results in excitation of internal degrees of
freedom, dissociation and ionization processes, and radia-
tion. Under such conditions, the account for electronic exci-
tation becomes necessary for the modeling of high-
temperature gas mixture flows. While the role of rotational
and vibrational degrees of freedom in the energy transfer is
widely studied in the literature (see Refs. 1–3 and references
therein), the influence of electronic excitation of molecules
and, especially, atoms on the transport phenomena is not
understood until now. Moreover, transport processes are
often modeled in a simplified way in terms of constant
Prandtl and Schmidt numbers, which are indeed non-
constant in the relaxation zone behind strong shock waves.4
Transport properties of ionized gases have received
much attention in the literature for the case of chemically
equilibrium plasmas.5–17 However, in the majority of studies
(except Refs. 10 and 12–14) atomic species are considered
as structure-less particles. Under this assumption, no internal
heat conductivity and bulk viscosity coefficients appear for
atomic species, both neutral and ionized, which can cause
the loss of accuracy in the transport terms evaluation.
Rigorous kinetic theory approaches for transport processes in
chemically non-equilibrium ionized flows with electronic
degrees of freedom have been proposed recently on the basis
of the Chapman–Enskog18–23 and Grad24,25 methods.
Detailed analysis of thermal conductivity coefficients in
electronically excited gases shows an important contribution
of electronic levels to the thermal conductivity of both near
equilibrium and strongly chemically non-equilibrium plas-
mas. Nevertheless, studies summarizing the results on elec-
tronic excitation for air mixture species and indicating the
conditions under which electronically excited states have to
be taken into account are still absent.
Another important problem is to understand the role of
electronic degrees of freedom in mass and heat transfer in
real gas flows. Chemical kinetics, dynamics, and radiation in
high-temperature shock heated flows near reentering vehicles
have been studied in many papers (see Refs. 2 and 26–32
and many others). However, modeling of convective heat
flux in these studies is based on rather simplified models, and
no systematic analysis of the influence of electronic excita-
tion on the mass diffusion (MD) and energy transport in real
gas flows have been performed until now.
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The objective of the present paper is to generalize the
model proposed in Refs. 18–21 and 23 for ionized non-
equilibrium flows of air species and their mixtures taking
into account the electronic degrees of freedom for all spe-
cies, both neutral and ionized. Based on the developed
model, the transport coefficients: thermal conductivity,
shear, bulk and second viscosity, multi-component and ther-
mal diffusion (TD) are then calculated in the temperature
range 500–50 000K. The influence of electronic excitation
on all transport coefficients is evaluated; the limits of appli-
cability for the Stokes relation are established.
High-temperature strongly non-equilibrium gas flows
behind shock waves under conditions of Hermes and Fire II
reentry33 are studied numerically. On the basis of precom-
puted fluid-dynamic variables and transport coefficients, we
evaluate various contributions to the heat flux in a flow. We
consider N2=N
þ
2 =N=N
þ=e and O2=Oþ2 =O=O
þ=e mixtures,
taking into account the rotational, vibrational, and electronic
degrees of freedom in molecules and molecular ions as well
as electronically excited states in atoms and atomic ions.
Dissociation, ionization, and charge transfer reactions are
implemented into equations of non-equilibrium chemical
kinetics. The sensitivity of the heat flux to electronic excita-
tion and to different chemical reaction rates is examined.
II. GOVERNING EQUATIONS
We consider a non-equilibrium high-temperature react-
ing gas mixture flow under the following relation between
characteristic times of collisional processes:
str < srot < svibr < sel  sreact  sioniz  schtr  h: (1)
This relation means that relaxation of internal energy,
including translational (with the corresponding relaxation
time str), rotational (srot), vibrational (svibr), and electronic
(sel) modes is fast, whereas chemical reactions of dissocia-
tion and recombination (sreact), ionization (sioniz), and trans-
fer of charge due to particles collisions (schtr) proceed on
the macroscopic gas-dynamics time scale h.
Under such an assumption, the flow is described in the
frame of one-temperature kinetic theory approach3 and gov-
erning equations take the following form:
dnc
dt
þ ncr  vþr  ncVcð Þ ¼ Rreactc þ Rionizc þ Rchtrc ;
c ¼ 1; :::; L; (2)
q
dv
dt
þr  P ¼ 0; (3)
q
dU
dt
þr  qþ P : rv ¼ 0: (4)
Here, nc is the number density of species c, v is the gas
velocity, L is the number of chemical species, U is the total
specific energy including that of electronic degrees of free-
dom, Vc is the diffusion velocity, q is the mixture density, P
is the pressure tensor, q is the heat flux, Rreactc ; R
ioniz
c and
Rchtrc are the production terms due to chemical reactions,
ionization, and charge-transfer processes, respectively.
The total energy per unit mass in Equation (4) is speci-
fied not only by translational, rotational, and vibrational
degrees of freedom, as it is basically adopted in non-
equilibrium aerothermodynamics, but also by the electronic
energy of molecules and atoms
U ¼ Etr þ Eint;
qEtr ¼
X
c
X
n;i;j
ð
mcc
2
c
2
fc;nij duc;
qEint ¼
X
c
X
n;i;j
ð
eint;c n; i; jð Þfc;nij duc;
(5)
where Etr, Eint are the translational and internal energies per
unit mass, fc;nij is the distribution function of chemical spe-
cies c over velocity uc and internal energy states n, i, j (n
denotes the electronic energy level, whereas i and j corre-
spond to the vibrational and rotational energies, respectively,
for the nth electronic state of a molecule), mc is the mass of
cth species, and cc ¼ uc  v is its peculiar velocity. The
microscopic internal energy for a molecule eint;mol or atom
eint;at is given by
eint;mol ¼ eelðnÞ þ evibrðn; iÞ þ erotðn; i; jÞ; eint;at ¼ eelðnÞ:
(6)
It is worth noting that according to the definition (6), for
molecular species all kinds of internal energies are strongly
coupled and cannot be considered separately.
The number of accounted electronic energy levels is
determined by the so called cut-off criteria, which usually
contain the factor of lowering the ionization energy due to
the presence of charged particles.34 In the present study, we
use the criteria suggested in Ref. 35: ecn  Ec  DEc, where
Ec is the ionization energy and the above mentioned lower-
ing factor DEc is set to 1000 cm
1. The electronic energy en
and the corresponding statistical weight gn are taken from
Ref. 35. The numbers of electronic energy levels for the spe-
cies considered in the present study are given in Table I.
It is obvious that, if we decrease the lowering factor
DEc, we include highly located electronic energy levels.
Since the number of existing electronic levels close to the
ionization energy Ec sharply increases, accounting for this
great amount of electronic states leads to additional compu-
tational difficulties. Retaining high-lying states may increase
the total internal energy, and consequently, modify the total
specific heat. In the present paper, we consider Boltzmann-
like distributions over electronic energy, with a relatively
low population of highly located states. Therefore, the inter-
mediate value of DEc has been chosen to avoid numerical
difficulties.35 On the other hand, it is worth noting that such
TABLE I. Number of electronic energy levels accounted for in the present
study.
Species N Nþ O Oþ O N2 Nþ2 O2 O
þ
2 NO NO
þ
Number
of levels
170 625 204 625 3 5 7 7 7 4 8
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an assumption may lead to an underestimation of the total
internal energy for the specific case of an inverse laser,
where high-lying electronic states are highly populated.
In high-temperature flows, radiative effects are of cru-
cial importance, and radiative heating becomes comparable
to the convective one. In this case, fluid dynamic equations
have to be coupled to the equations of radiative heat transfer;
advanced models of coupled gas dynamics, chemistry, and
radiation are proposed by a number of authors for state-to-
state30,36–38 and multi-temperature (MT)27–29,32 flows (see
also references in Ref. 27). Nevertheless, since this study is
focused mainly on the effect of electronic excitation on the
convective heat flux, we choose the flow conditions under
which the contribution of radiative heating does not exceed
5%–10% (Refs. 28 and 32), and thus, we do not account for
chemical-radiative coupling in the governing equations.
Another important point to be discussed here is account-
ing for thermal non-equilibrium. It is clear that high-
temperature flows in the shock layer are out of thermal equi-
librium. In aerospace applications, thermal non-equilibrium
is commonly described in the frame of multi-temperature
(MT) models by introducing temperatures of different energy
modes: rotational Trot, vibrational Tvibr, and electronic Tel,
see Refs. 1–3, 26, 28, 31, and 32 and many other works.
Governing equations for these temperatures are usually
derived phenomenologically. From the point of view of the
rigorous kinetic theory, this procedure is not justified for
most cases. Indeed, in the kinetic theory, the macroscopic
variables are introduced on the basis of collision invariants;
corresponding governing equations are derived from the
Boltzmann equation on multiplying it by the invariants and
integrating over molecular velocities. Derivation is essen-
tially based on the integral theorems:39 for the collision
invariants, the integral operator vanishes upon averaging,
thus providing zero collision-induced production terms in
the conservation equations. For strongly non-equilibrium
flows, the fluid dynamic variables are associated with the
collision invariants of rapid processes;3 these invariants can-
cel only the collision operator of rapid processes; thus, the
production terms due to slow (non-equilibrium) processes
appear in the fluid dynamic equations. Therefore, if one is
willing to derive governing equations for Trot, Tvibr, or Tel,
the right point to start is to assign microscopic collision
invariants to these variables. The only case when it works is
the vibrational energy in a system of harmonic oscillators;
evibr is conserved because of strictly resonant VV exchanges.
All other internal energy exchanges are far from being reso-
nant; there is no collision invariant corresponding to Trot and
Tel. One can certainly introduce Trot and Tel artificially by
averaging the corresponding microscopic energies erot; eel.
But since they are not conserved in rapid processes, applying
the integral theorems does not yield zero contribution of cor-
responding averaged integral operators. This should give rise
to additional production terms associated with rapid pro-
cesses in the fluid dynamic equations. However, in all phe-
nomenological multi-temperature models these additional
terms never appear.
Since we have some doubts on the applicability of multi-
temperature models for gases with electronic excitation, we
decided to carry out this study in the frame of the one-
temperature model, which can adequately describe chemical
non-equilibrium. For thermal non-equilibrium, state-to-state
models based on the strict conservation, in rapid processes, of
particles in each internal state seem to be more appropriate,
although computationally expensive. The work on the state-
specific transport model for electronically excited gases is
now in progress and will be reported in the next paper.
III. TRANSPORTAND PRODUCTION TERMS
The transport and production terms in Eqs. (2)–(4) are
specified by the particles distribution function over velocities
and internal energy states and thus depend on the approxima-
tion of the Chapman–Enskog method.3 A modification of the
Chapman–Enskog method suitable for strongly chemically
non-equilibrium partially ionized gases, taking into account
the electronic excitation is proposed in Refs. 18, 20, and 22.
In the zero-order approach of the modified Chapman–
Enskog method, the distribution function for atomic and
molecular species represents the Maxwell distribution over
velocity and the Boltzmann distribution on the rotational,
vibrational, and electronic energy for molecules and elec-
tronic energy for atoms, and non-equilibrium distribution
over chemical species
f 0
ð Þ
cl ¼
mc
2pkT
 3
2 ncgcl
Zint;c Tð Þ
exp mc
2
c
2kT
 ecl
kT
 
;
lat ¼ nf g; lmol ¼ nijf g:
(7)
Here, T is the temperature, k is the Boltzmann constant, gcl is
the statistical weight (for molecules, gnij ¼ gngigj), and
Zint;cðTÞ is the equilibrium internal partition function, Zint;c
¼Pl gcl exp  eclkT .
Due to the Maxwell velocity distribution, the expres-
sions for the zero-order pressure tensor, diffusion velocity,
and heat flux are reduced to
P ¼ pI; Vc ¼ q ¼ 0;
where p is the pressure and I is the unit tensor.
The production terms Rreactc ; R
ioniz
c , and R
chtr
c in the zero-
order approximation can be written using the mass action law;
the zero-order rate coefficients of non-equilibrium processes
are the functions of temperature and can be calculated using
the Arrhenius law. Details on the reaction rate calculation for
the specific mixtures are given in Section V.
The first-order correction to the distribution function ucl
depends on the gradients of fluid dynamic variables and con-
tains the unknown functions Acl, Dcl; Bcl, Fcl, and Gcl which
can be found from the linear integral equations
fcl ¼ f ð0Þcl ð1þ uclÞ; (8)
ucl ¼ 
1
n
Acl  r ln T  1
n
X
d
Ddcl  dd
 1
n
Bcl : rv 1
n
Fclr  v 1
n
Gcl; (9)
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dc is the diffusive driving force for species d depending on the
gradients of molar fractions and pressure. Integral equations
for the unknown functions as well as the constraints providing
the uniqueness of their solution are given in Ref. 3.
The transport terms in the first-order (viscous) approxi-
mation take the form
P ¼ ðp prel  fr  vÞ I  2 gS; (10)
Vc ¼ 
X
d
Dcd dc  DTcr ln T; (11)
q ¼ k0 rT  p
X
c
DTc dc þ
X
c
qchcVc: (12)
Here, S is the deformation rate tensor; hc is the specific
enthalpy of species c; g, f are the shear and bulk viscosity
coefficients; prel is the relaxation pressure; Dcd, DTc are the
multi-component diffusion and thermal diffusion coeffi-
cients; and k0 is the partial thermal conductivity coefficient.
All transport coefficients are expressed in terms of the
bracket integrals of the unknown functions3
g ¼ kT
10
B;B½ ; f ¼ kT F;F½ ; prel ¼ kT F;G½ ;
k0 ¼ k
3
A;A½ ; Dcd ¼ 1
3n
Dc;Dd
 
; DTc ¼ 1
3n
Dc;A½ :
(13)
In the above expressions, the bracket integrals are specified
by the cross sections of rapid processes (translational and
internal energy transitions).
One can see that the normal mean stress includes the
terms fr  v and prel associated, respectively, to the flow
compressibility and to the contribution of non-equilibrium
chemical reactions, ionization, and charge-transfer. Note that
in gases with electronic excitation, the bulk viscosity coeffi-
cient and relaxation pressure are not equal to zero for atomic
species, since there is a channel of internal energy relaxation
through the electronic energy transitions between different
excited states. It is worth mentioning that in the first-order
approximation of the modified Chapman–Enskog method,
the production terms Rreactc ; R
ioniz
c , and R
chtr
c include the
cross-coupling terms similar to those in the normal mean
stress; the rate coefficients depend not only on the tempera-
ture but also on the species densities nc, velocity divergence
r  v, and affinities of all reactions in a mixture.40
Calculation of these cross-coupling terms is rather compli-
cated, see details in Refs. 41 and 42, and is not discussed in
the present study.
The partial thermal conductivity coefficient k0 describes
the transfer of translational and internal energies and can be
represented in the following form:
k0 ¼ ktr þ kint: (14)
Once again, for atomic species with electronic excitation, the
coefficient kint is not zero. Moreover, under high-
temperature conditions, it becomes greater than ktr (see dis-
cussion in Section IV).
While studying the diffusion and heat transfer, it is inter-
esting to understand the role of different dissipative pro-
cesses. For this purpose, we can, similar to Refs. 43–45,
express the diffusive and heat flux as a sum of several contri-
butions. In our case, the diffusion velocity is specified by the
mass diffusion (MD) and thermal diffusion (TD)
Vc ¼ Vc;MD þ Vc;TD;
Vc;MD ¼ 
X
d
Dcd dc; Vc;TD ¼ DTcr ln T; (15)
whereas the heat flux is determined by three contributions:
the Fourier flux associated to thermal conductivity qF, and
fluxes due to the mass diffusion qMD and the thermal diffu-
sion qTD
q ¼ qF þ qTD þ qMD;
qF ¼ k0 rT; qTD ¼ p
X
c
DTc dc þ
X
c
qchcVc;TD;
qMD ¼
X
c
qchcVc;MD: (16)
The role of different terms in the convective heating behind
the shock wave is discussed in Section VI.
IV. TRANSPORT COEFFICIENTS
In order to calculate the transport coefficients, the
unknown functions Acl; Dcl, Bcl, Fcl, and Gcl are expanded
into the series of the Sonine polynomials in the reduced pecu-
liar velocity and Waldmann–Tr€ubenbacher polynomials in the
total specific energy.3,46 It is worth noting that in the present
study, under the assumption stated in (6), Waldmann–
Tr€ubenbacher polynomials may only be taken into account as
polynomials in strongly coupled total specific energy. For ion-
ized gas, due to a slow convergence of Sonine polynomials,
the expansion includes not only the first non-vanishing terms
but also several high-order expansion terms. In the present
study, the following terms are taken into account (r corre-
sponds to the Sonine polynomials, p to the Waldmann–
Tr€ubenbacher ones): r ¼ p ¼ 0; r ¼ 1; p ¼ 0; r ¼ 2; p ¼ 0;
r ¼ 0; p ¼ 1. Substituting the expansions into the integral
equations for functions Acl; Dcl; Bcl, Fcl, and Gcl, we derive
the linear algebraic equations systems for the expansion coeffi-
cients ac;rp; d
d
c;r, bc;r; fc;rp, and gc;rp. The transport coefficients
are then expressed in terms of the expansion coefficients
k0 ¼
X
c
5k
4
nc
n
ac;10 þ
X
c
mc
2
nc
n
cint;cac;01; (17)
Dcd ¼ 1
2n
ddc;0; (18)
DTc ¼ 
1
2n
ac;0; (19)
g ¼ kT
2
X
c
nc
n
bc;0; (20)
1 ¼ kT
X
c
nc
n
fc;10; (21)
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prel ¼ kT
X
c
nc
n
gc;10; (22)
cint;c is the internal specific heat of c species at constant vol-
ume. For molecules, cint includes the specific heat of elec-
tronic, rotational, and vibrational degrees of freedom, and
for atoms that of the electronic degrees of freedom.
The linear transport systems for the expansion coeffi-
cients contain the bracket integrals as the coefficients.3,46
The bracket integrals can be simplified using the Mason and
Monchick assumptions47 and expressed via reduced collision
integrals Xðl;rÞcd and integrals depending on the variation of
internal energy in inelastic collisions De ¼ e0k þ e0l  ek  el
(primes correspond to post-collision internal energies).
For all types of interactions, neutral-neutral, neutral-
charged, and charged-charged particles, the reduced collision
integrals Xðl;rÞcd are calculated using the data reported in Ref.
48. Note that the size of excited particles increases consider-
ably for high states,49,50 especially for electronically excited
atoms. The influence of atomic and molecular diameters on
the transport coefficients was discussed recently in Refs. 16
and 22 for atoms, and in Ref. 51 for molecules. While ro-
vibrational excitation does not noticeably affect the corre-
sponding collision integrals, electronic excitation may lead
to a considerable increase in Xðl;rÞcd . This effect is, however,
out of the scope of the present study; we plan to investigate
it in the future work.
The integrals depending on De are required for the cal-
culation of bulk viscosity, relaxation pressure, and first-order
corrections to the reaction rates. For their calculation, it is
necessary to introduce some additional assumptions. For
neutral atoms with electronically excited states, these inte-
grals can be approximated in terms of the deactivation rate
coefficient k10 for the transition between the first and ground
electronic states.19 In our calculations, the deactivation rate
coefficient k10 was taken from Refs. 52 and 53: k10N
¼ 1019 m3=s; k10O ¼ 8	 1018 m3=s. For neutral mole-
cules, the integrals including De can be expressed in terms of
the rotational relaxation time.20 For ionized atomic species,
we have not found the data on k10 in the literature, and there-
fore, we do not include here the results on the bulk viscosity
coefficient of atomic ions.
Finally, having the expressions for the bracket integrals
one can solve the transport linear algebraic equations using
the Gauss method or the more efficient iterative algorithms.46
The transport coefficients were calculated for the high-
temperature air species in the temperature range 500–50 000K
using the approach developed above. We consider the follow-
ing atomic species: N; Nþ; O; Oþ; O, and molecular spe-
cies: N2; N
þ
2 ; O2; O
þ
2 ; NO; NO
þ.
For the model validation, a comparison with the experi-
mental results or other calculations is desirable. One can
find the data on the transport coefficients of equilibrium
plasmas for different temperatures and pressures in Refs. 8,
16, and 54–56, respectively. However, direct quantitative
comparisons with these results are not feasible. In our
approach, the mixture composition is assumed as strongly
non-equilibrium, and thus, it is impossible to introduce the
reactive thermal conductivity as done in Refs. 57 and 58
and later applied in the studies of equilibrium plasmas. In
our model, the energy transfer due to chemical reactions is
described in terms of mass and thermal diffusion and can-
not be attributed to the reactive heat conductivity. For the
validation, we have decided to evaluate species thermody-
namic properties. In particular, for all considered species,
the specific heat at constant pressure cp was calculated and
compared with cp reported in Ref. 35. It is found that for cp,
the discrepancy is within 0.01%–4% which validates using
our scheme in further calculations.
The influence of electronic excitation on the thermal con-
ductivity coefficient k0 of neutral and ionized atomic species
in the temperature range 500–50 000K is shown in Fig. 1.
While the translational heat conductivity coefficient is mono-
tonic with T, the total thermal conductivity coefficient k0 is
non-monotonic; for neutral atomic species, the maximum is
located about 15 000–30 000K, and for ionized species, it is
shifted towards higher temperatures, 30 000–50 000K. The
maximum value of k0 for neutral species is up to 2.5 higher
FIG. 1. Thermal conductivity coefficient k0 of neutral and ionized atomic species as a function of T: contribution of the translational and internal modes.
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than that for ionized atoms. Thus, we can conclude that for
atomic species internal thermal conductivity may consider-
ably exceed the translational one, and the most important
contribution can be assigned to electronically excited neutral
atoms.
In Fig. 2, the thermal conductivity coefficient k0 of neu-
tral and ionized molecular species is presented in the temper-
ature range 500–50 000K with the separation of different
contributions: ktr;c (taking into account only the translation
energy), kint;c (accounting for the total internal energy), and
krv;c (only rotational-vibrational energy of the ground elec-
tronic state is taken into account). Similar to atomic species,
the excitation of electronic degrees of freedom substantially
influences the thermal conductivity. Neglecting the elec-
tronic states results in significant underestimates in the
molecular internal thermal conductivity: for the temperature
range 15 000–20 000K, the coefficient kint is up to twice
larger than the coefficient krv (for N2 and NO
þ) calculated,
neglecting the electronic states. It is worth noting that in the
temperature range 30 000–50 000K for molecular species,
krv is slightly larger than kint due to the similar behavior of
the specific heat at constant pressure cp (see discussion in Ref.
18). Thus, one can see that the electronic degrees of freedom
substantially influence the thermal conductivity, especially for
neutral atomic species and N2 and NO
þ molecules in the tem-
perature range 12 000–35 000K, and for ionized atomic spe-
cies in the temperature range 30 000–50 000K. Therefore,
electronic excitation has to be taken into account for the heat
transfer evaluation in non-equilibrium high-temperature flows,
for instance, in shock heated flows.
The bulk f and shear g viscosity coefficients are pre-
sented in Fig. 3 for neutral molecular and atomic species. It
is seen that for temperatures larger than 5000K the bulk vis-
cosity coefficient becomes higher than the corresponding
shear viscosity coefficient. While shear viscosity of all spe-
cies monotonically increases with the temperature and do
not depend on the electronic degrees of freedom, the bulk
viscosity coefficient displays strongly non-monotonic behav-
iour and depends on the temperature and chemical species:
for molecular species, coefficients f have maxima in the
FIG. 2. Thermal conductivity coefficient k0 of neutral and ionized molecular species as a function of T: contribution of the translational and rotational-
vibrational and electronic modes.
FIG. 3. Bulk viscosity f and shear viscosity g coefficients of neutral species as functions of T.
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temperature range 15 000–20 000K and then decrease
slowly, but for atoms they have local maxima in the same
temperature range as molecules and then another one in the
range of 35 000–50 000K. It is interesting to note that the
bulk viscosity coefficient for N is much higher than the cor-
responding value for O. This discrepancy is caused by differ-
ent deactivation rate constants; k10 is two orders of
magnitude lower for N than for O.
In fluid dynamics, the Stokes relation59 connecting the
shear (g) and the second viscosity (g2) coefficients is com-
monly adopted: 3g2 þ 2g ¼ 0. It helps in the prediction of
flow parameters, but does not explain experimental results
on dispersion and sound absorption in polyatomic gases and
liquids.60,61 The bulk viscosity coefficient was introduced in
Refs. 60 and 61 in the form f ¼ g2 þ 23 g in order to describe
the finite time of energy redistribution between the transla-
tional and internal degrees of freedom. For atomic gases, f is
commonly assumed to be zero, and therefore g2 ¼  23 g. In
Fig. 4 (left), the second viscosity coefficient g2 of N atoms is
presented taking into account the non-zero bulk viscosity
coefficient f and neglecting it. In the right plot, the ratio of
second viscosity coefficients is calculated using our approach
and the Stokes formula is given for other species. It is clearly
seen that the second viscosity coefficient g2 does not satisfy
the Stokes relation, while for atomic species g2 increases
with the temperature (especially for nitrogen) in the whole
temperature range, for molecular species the maximum devi-
ation from the Stokes relation is located in the range
15 000–20 000K (similar to the corresponding f value).
Further discussion of the limits of applicability for the
Stokes relation can be found in Ref. 62.
Concluding this section, we would like to emphasize
that the effect of electronic excitation on the thermal conduc-
tivity, bulk f, and second g2 viscosity coefficients is found to
be significant. On the other hand, electronic states do not
affect the shear viscosity, multi-component diffusion, and
thermal diffusion coefficients (see also Refs. 19 and 20)
unless the varying size of excited particles is taken into
account. In the latter case, all transport coefficients are con-
siderably reduced at high temperatures.
V. APPLICATION TOA FLOW BEHIND SHOCK WAVE
The general model developed above is applied to a non-
equilibrium flow of partially ionized nitrogen ðN2=Nþ2 =N=
Nþ=eÞ and oxygen ðO2=Oþ2 =O=Oþ=eÞ mixtures behind a
shock wave. Two test cases are considered (TC1 and TC2),
corresponding to the specific points of the spacecraft trajecto-
ries entering from an interplanetary flight.33 TC1 corresponds
to the reentry of European space vehicle Hermes, whereas
TC2 corresponds to Fire II experiments (see Table II). For the
last fifty years, this latter experiment on the reduced copy of
the Apollo space vehicle has been a benchmark for the valida-
tion of various thermochemical models.28,29,32,33,63 While the
vibrational relaxation, chemical reactions, and radiation mod-
els were widely assessed,28,32 the effect of electronic excita-
tion still remains unstudied (except the work27 where high-
lying electronic energy levels were grouped into one).
In the present study, two mixtures of ionized nitrogen and
oxygen have been chosen, first of all, to examine the influence
of electronic excitation on the kinetics and heat transfer, and
second, to understand the characteristic features of convective
heating in different mixtures, including the role of various dis-
sipative processes. Studying these mixtures is for sure useful
for further application to real planet atmosphere (for example,
for Earth with 78% of molecular nitrogen and 21% of oxygen,
or for Titan with the atmosphere consisting of 99% of molecu-
lar nitrogen at high altitudes).
We suppose that behind the shock front, the initial low-
temperature mixture consists of neutral molecules. In the
shock front, translational, rotational-vibrational, and electronic
FIG. 4. Second viscosity coefficient g2 as a function of T for N; and the ratio g2=g2Stokes for other species.
TABLE II. Free-stream and post-shock conditions.
TC1: Hermes Velocity (m/s) Temperature (K) Pressure (Pa)
Pre-shock 7198 205 2
Post-shock 1207 24 234 1763
TC2: Fire II (1634 s) Velocity (m/s) Temperature (K) Pressure (Pa)
Pre-shock 11 360 195 2
Post-shock 1899 62 377 3827
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degrees of freedom are completely excited, whereas chemical
reactions remain frozen. For the heat transfer evaluation, first,
the flow-field is simulated in the inviscid Euler approximation
providing the macroscopic fluid with dynamic variables and
their derivatives, and as a second step, the transport coeffi-
cients and the heat flux in a flow are derived applying the
transport algorithms as discussed above. Although such a
post-processing procedure is approximate, it can give insight
to the flow physics avoiding large computational efforts. A
similar approach has been justified and used for the heat and
mass transfer evaluations in different non-equilibrium flows in
Refs. 43–45.
We assume that the flow is steady-state and one-
dimensional. Under such an assumption, the following set of
ordinary differential equations is obtained from the general
governing equations:
d
dx
vnX2ð Þ ¼ RX2 ; X ¼ N; O; (23)
d
dx
vnXð Þ ¼ RX; X ¼ N; O; (24)
d
dx
vnXþ
2ð Þ ¼ RXþ2 ; X ¼ N; O; (25)
d
dx
vnXþð Þ ¼ RXþ ; X ¼ N; O; (26)
d
dx
vneð Þ ¼ Re ; (27)
d
dx
pþ qv2
 
¼ 0; (28)
d
dx
hþ v
2
2
 
¼ 0: (29)
Here, x is the distance from the shock front, h is the specific
enthalpy depending on T and mixture composition, Rc are
the production terms due to dissociation, recombination, ion-
ization, and charge-transfer processes
R22c ¼
X
d;c0;d0
ðnc0nd0kd0dc0c  ncndkdd
0
cc0 Þ; (30)
R23c ¼
X
d
ndðnc0nf 0kdrec;c  nckdc;dissÞ: (31)
Here, R22c and R
23
c are the production terms for the reac-
tions within two particles c and d, which may lead to the pro-
duction of two (c0 and d0) or three new species (c0; d0 and f 0)
through chemical reactions (22 and 23), ionization
(22 and 23), and charge-transfer processes (22 only).
Production terms due to chemical reactions Rreactc , ionization
Rionizc , and charge-transfer R
chtr
c in Equation (2) can be
expressed via summation of all R22c and R
23
c , which are
included in the list of accounted reactions. The dissociation
kdc;diss and exchange k
d0d
c0c reaction rate coefficients are calcu-
lated using the Arrhenius law. The backward reaction rate
coefficients kdrec;c and k
dd0
cc0 are obtained using the detailed bal-
ance principle.
For considered mixtures, nine reactions are implemented
into the kinetic scheme (see Table III). The parameters in the
Arrhenius law are taken from the references indicated in
Table III.
For the above reactions, the production terms in Eqs.
(23)–(27) take the following form for the nitrogen mixture
ðN2=Nþ2 =N=Nþ=eÞ:
RN2 ¼ R1 þ R2 þ R3 þ R4 þ R7;
RN ¼ 2R1  2R2  2R3 þ R5 þ 2R6  R7 þ R8  R9;
RNþ
2
¼ R4  R6  R7 þ R9;
RNþ ¼ R5 þ R7  R8  R9;
Re ¼ R4  R5  R6  R8;
and for the oxygen mixture ðO2=Oþ2 =O=Oþ=eÞ:
RO2 ¼ R1 þ R2 þ R3 þ R4  R7;
RO ¼ 2R1  2R2  2R3 þ R5 þ 2R6 þ R7 þ R8  R9;
ROþ
2
¼ R4  R6 þ R7 þ R9;
ROþ ¼ R5  R7  R8  R9;
Re ¼ R4  R5  R6  R8:
We solve Eqs. (23)–(29) using the classical fourth-order
Runge-Kutta method. All fluid dynamic parameters (T, p, q,
v, nc) and their derivatives are obtained as functions of x.
Then they are used as input for the calculation of transport
coefficients (17)–(22) and evaluation of the heat flux and dif-
fusion velocities (16)–(17).
VI. KINETICS AND HEAT TRANSFER BEHIND THE
SHOCK WAVE
For ðN2=Nþ2 =N=Nþ=eÞ and ðO2=Oþ2 =O=Oþ=eÞ mix-
tures, under conditions of TC1 and TC2 cases, the flow-field
and the heat flux behind the shock wave were calculated. In
order to estimate the contribution of electronic excitation to
the transport coefficients and heat flux in our simulations, we
perform our calculations taking into account the electroni-
cally excited states (see Table I) and neglecting them.
A. Flow parameters
Temperature T as a function of the distance x behind the
shock front is presented in Fig. 5 for Hermes (TC1) and Fire II
(TC2) test cases. Just behind the shock front, the temperature
TABLE III. List of included reactions.
No. ðN2=Nþ2 =N=Nþ=eÞ References ðO2=Oþ2 =O=Oþ=eÞ
1 N2 þ N2 ! N þ N þ N2 64 O2 þ O2 ! Oþ Oþ O2
2 N2 þ N ! N þ N þ N 64 O2 þ O ! Oþ Oþ O
3 N2 þ e ! N þ N þ e 65 O2 þ e ! Oþ Oþ e
4 N2 þ e ! Nþ2 þ e þ e 65 O2 þ e ! Oþ2 þ e þ e
5 N þ N ! Nþ þ e þ N 66 Oþ O! Oþ þ e þ O
6 N þ N ! Nþ2 þ e 65 Oþ O! Oþ2 þ e
7 N2 þ Nþ ! Nþ2 þ N 65 Oþ Oþ2 ! Oþ þO2
8 N þ e ! Nþ þ e þ e 65 Oþ e ! Oþ þ e þ e
9 Nþ2 þ N2 ! Nþ þ N þ N2 53 Oþ2 þ O2 ! Oþ þOþ O2
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drops fast within the distance range x ¼ 01:0 cm. For the
nitrogen mixture, the results for TC2 practically coincide
with those reported in Ref. 30 for Fire II (1634 s) for the air
mixture. For nitrogen, the equilibrium temperature is around
12 000K, while for oxygen the equilibrium temperature is
lower than 6000K and the slope of the curve is different.
One can see some delay in the temperature drop for the oxy-
gen mixture, especially for TC2, which can be associated
with the dissociation delay obtained while using the rate
coefficient of the reaction #1 given by the McKenzie
model.64 In Sec. VI C, we will assess other models for the
rate coefficient of this reaction and discuss its effect on the
heat transfer.
High temperature behind the shock front results in inten-
sive dissociation (see Fig. 6): within the distance range
x ¼ 0 1:0 cm atomic molar fractions sharply increase up
to 56% (TC1) and 79% (TC2) for nitrogen mixture, and 81%
(TC1) and 92% (TC2) for oxygen mixture. Surprisingly,
just behind the shock front nitrogen dissociates faster than
oxygen. This can certainly be attributed to the effect of the
rate coefficients of #1 reaction (see discussion in Sec. VI C).
Under specific conditions of TC1 and TC2, the fraction of
ionized species considerably increases up to 0.01% (oxy-
gen) and 0.8% (nitrogen) for TC1, and 3% (oxygen) and
4% (nitrogen) for TC2 (see Fig. 7). In the nitrogen mixture,
ionization plays a slightly greater role; the molar fraction of
charged particles in oxygen decreases behind the shock
probably due to the electron-impact recombination pro-
cesses. These results are in line with those reported in Refs.
30 and 34.
Note that in our simulations no influence of electronic
excitation on the inviscid flow parameters (T, p, q, v, nc) has
been found; the discrepancy does not exceed 0.01%.
Therefore, for the inviscid case, electronic degrees of free-
dom can be neglected in flow-field simulations unless radia-
tion is taken into account. For radiating flows, electronic
states can give a considerable contribution to the radiative
heat transfer. Moreover, in viscous flows, they can affect the
FIG. 5. Temperature T behind the shock wave as a function of x for TC1 (Hermes) and TC2 (Fire II).
FIG. 6. Molar fractions of neutral species behind the shock wave as functions of x for TC1 and TC2.
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convective heat flux. This latter effect is studied in Sec.
VI B.
B. Transport properties and heat fluxes
In this subsection, we evaluate the transport properties on
the basis of the precalculated flowfield parameters. The total
thermal conductivity coefficient k0 is given in Fig. 8 as a func-
tion of x for TC1 and TC2, taking into account the electroni-
cally excited states of all the species in the mixture and
neglecting the electronic excitation. As shown in Figs. 1 and
2, the maxima of thermal conductivity coefficients calculated
for all the species (both neutral and ionized) taking into
account the electronic excitation correspond to the specific
conditions of TC1 and TC2 behind the shock front. This
explains the fact that in the beginning of the relaxation zone,
for the nitrogen mixture the value of k0 is about two times
higher than that calculated neglecting the electronic excitation
for both TC1 and TC2; for the oxygen mixture, the influence
of electronic states is lower, but is still important at about
30% (TC1) and 40% (TC2). With the distance from the shock,
the discrepancy between these results decreases, and when the
temperature drops lower than 8000K for oxygen and 10 000K
for nitrogen, the curves coincide.
In order to assess the proposed model, we compare the
convective heat flux obtained using our approach with that
calculated in the stagnation point for the Fire II condi-
tions.28,32,63 For the considered trajectory point 1634 s, the
convective flux varies from 1.5 to 2.2MW/m2 according to
the experiments and simulations.28,32,63 This is in line with
our results for the near-equilibrium region at a distance
1–2 cm behind the shock front, where the total heat flux
decreases from 3 to 1.5MW/m2 for the nitrogen mixture, and
from 1.5 to 0.3MW/m2 for the oxygen mixture. Thus, we
conclude that our model, even being qualitative due to the
applied post-processing procedure, provides a satisfactory
FIG. 7. Molar fractions of charged species behind the shock wave as functions of x for TC1 and TC2.
FIG. 8. Thermal conductivity coefficient behind the shock wave as a function of distance x for TC1 and TC2 calculated taking into account the electronic exci-
tation (solid lines) and neglecting it (dashed-dotted lines).
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agreement with the existing experimental and numerical
data. It is worth noting that there are many data on the con-
vective heating in the stagnation point; however, the heat
flux distributions along the stagnation line starting from the
bow shock are basically missing. Our simulations may help
to fill this gap.
Now let us examine the total heat flux and the contribu-
tions of different dissipative processes to the energy trans-
fer calculated taking into account and neglecting the
electronic excitation. These results are presented in Figs. 9
and 10 for TC1 and in Figs. 11 and 12 for TC2. For TC1, it
is clearly seen that the electronic excitation plays an impor-
tant role for the Fourier flux, whereas its effect on the heat
transfer due to mass diffusion and thermal diffusion is
rather weak (for qTD this effect can be neglected at all;
since the curves with and without electronic excitation
coincide, we do not plot them).
Nevertheless, the overall contribution of electronic
states to the total heat flux depends significantly on the com-
petition of different dissipative processes involved in the
energy transfer; these processes can, in turn, be affected by
the electronic excitation or not. While for TC1 all the terms
in Eq. (12) are of the same order of magnitude (an important
role of the heat flux due to conduction qF should be empha-
sized), and a considerable effect of excited electronic states
on the total heat flux is observed (especially for nitrogen),
for TC2 these terms are considerably different. Since for
TC2 the thermal diffusion plays the dominating role in the
total heat transfer (TD is the process which is not affected by
electronic excitation), the influence of electronic excitation
FIG. 9. Total heat flux q and Fourier flux qF as functions of x for TC1 calculated taking into account the electronic excitation (solid lines) and neglecting it
(dashed-dotted lines).
FIG. 10. Heat flux due to mass diffusion qMD and thermal diffusion qTD as functions of x for TC1 calculated taking into account the electronic excitation (solid
lines) and neglecting it (dashed-dotted lines).
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is not so important as for TC1. On the whole, electronic exci-
tation gives a contribution of about 20% to the total heat
flux, but remains higher for the heat conduction and corre-
spondingly for the Fourier flux.
Since all dissipative processes act on a competitive basis
on the heat flux, the behaviour becomes essentially non-
monotonic, and moreover, the total heat flux changes its sign.
Note that, for the non-ionized mixtures behind the shock front,
a similar non-monotonic behaviour of the energy flux is found
in Ref. 45 for high Mach numbers. Let us examine in detail
each contribution into the heat flux. As the temperature
decreases behind the shock front and the thermal conductivity
coefficient is always positive, the Fourier flux qF is positive,
too, for any distance behind the shock. The formation of new
species due to dissociation and ionization yields their negative
diffusive fluxes; since these species carry higher enthalpy, the
flux due to mass diffusion qMD remains negative with x. At
the same time, the thermal diffusion flux qTD depends on both
temperature and molar fraction gradients, which yields the
competition between them, and therefore, qTD alternates its
sign. It is worth noting that the contribution of thermal diffu-
sion to the heat transfer in shock heated non-ionized gases is
negligibly weak.45 On the other hand, for ionized gases not
exposed to the action of the electro-magnetic field, the arising
effect of ambipolar diffusion reduces the effect of thermal dif-
fusion.67,68 In our case, we do not account for the electro-
magnetic field, that is why a strong effect of thermal diffusion
is found and can be attributed to large values of thermal diffu-
sion coefficients for electrons.4,21
C. The effect of dissociation rate coefficient
Let us discuss the influence of the reaction rate coefficients
on flow parameters and heat transfer. It can be seen from Figs.
5 and 6 that using the McKenzie mode64 for the reaction #1
yields a significant delay of oxygen dissociation just behind the
FIG. 11. Total heat flux q and Fourier flux qF as a function of distance x for TC2 calculated taking into account the electronic excitation (solid lines) and
neglecting it (dashed-dotted lines).
FIG. 12. Heat fluxes due to mass diffusion qMD and thermal diffusion qTD as a function of distance x for TC2.
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shock front, which is quite surprising for high-temperature
flows. Indeed, the model64 may be not applicable under such
high-temperature conditions. For this reason, we assess three
different data sets for reaction #1: the McKenzie model64 and
the models of Park69 and Scanlon.70 A comparison of the rate
coefficients k1ðTÞ for nitrogen (see Fig. 13) shows no differ-
ence between the McKenzie and recent Scanlon models,
whereas the Park model in the high-temperature region under-
estimates the rate coefficients up to two orders of magnitude.
At the same time, for oxygen, we see an opposite trend: rather
similar dissociation rate coefficients for the Park and Scanlon
models versus essentially underestimated data provided by the
McKenzie model. Indeed, the latter model gives an unphysical
decrease in the dissociation rate coefficients at T > 20000K.
Since such a great difference is found for the oxygen
dissociation reaction #1, we compare the results for the flow-
field and heat fluxes obtained in oxygen for various dissocia-
tion models. Using the models69,70 yields higher dissociation
and lower ionization rates just behind the shock front (see
Fig. 14) and faster temperature drop (Fig. 15). The total heat
flux also depends considerably on the dissociation rate
modeling (see Fig. 15) and varies up to 1.5 times for differ-
ent models; its minima and maxima are shifted towards the
shock front for the models.69,70
Concluding these results we can recommend the use of
the Scanlon model70 for reaction #1 at high temperatures,
providing a more reliable behavior of the fluid dynamic vari-
ables and energy fluxes.
VII. CONCLUSIONS
A theoretical model of the transport properties in
strongly non-equilibrium flows of neutral and ionized atomic
and molecular species mixtures with electronic excitation is
developed on the basis of the modified Chapman–Enskog
method. The contribution of electronic degrees of freedom to
thermal conductivity coefficient is found to be important.
For atomic species, electronic excitation plays the most
FIG. 13. Reaction rate coefficient k1 as a function of T for different models.
FIG. 14. Molar fractions of neutral and charged species behind the shock wave as functions of x for TC2 calculated using different reaction rate coefficients k1.
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important role in the temperature range 15 000–30 000K for
neutral, and 30 000–50 000K for ionized species; under these
conditions, the electronic thermal conductivity substantially
exceeds the translational one. The maximum value of k0 for
neutral species is up to 2.5 times higher than that for the ion-
ized atoms. Similar to the atomic species, excitation of elec-
tronic degrees of freedom considerably influences the
thermal conductivity coefficient of molecules: neglecting the
electronic states results in the significant underestimation of
the molecular thermal conductivity, up to two times.
Bulk viscosity coefficients are also strongly affected by
the electronic excitation; it is shown that bulk viscosity of
the atomic species is not zero, contrary to the commonly
used assumption. On the other hand, shear viscosity, multi-
component diffusion, and thermal diffusion coefficients are
not sensible to electronic excitation if one assumes that the
size of the excited particles does not depend on the electronic
state. The limits of applicability for the Stokes relation are
discussed; it is found that at high temperatures, this relation
is violated not only for molecular species but also for elec-
tronically excited atomic gases.
Two test cases corresponding to the Hermes and Fire II
experiments are simulated numerically. Strongly non-
equilibrium one-dimensional steady-state flows of chemi-
cally reacting nitrogen N2=N
þ
2 =N=N
þ=e and oxygen
O2=O
þ
2 =O=O
þ=e mixtures behind the plane shock wave are
studied, taking into account the electronic degrees of free-
dom of both the neutral and ionized species. No influence of
electronic excitation on the inviscid flow parameters is
found. Nevertheless, one should keep in mind that under
similar conditions, the electronic states may considerably
affect the radiative heat flux if chemical-radiative coupling
in the flow is taken into account. Moreover, in viscous flows,
electronic degrees of freedom substantially influence the
thermal conductivity coefficients, and therefore, the Fourier
energy flux behind the shock front for temperatures larger
than 10 000K for nitrogen and 8000K for oxygen.
The contribution of different dissipative processes into the
total heat flux is analyzed. At the beginning of the relaxation
zone, for the Hermes case, the contributions of thermal con-
ductivity, mass diffusion, and thermal diffusion to the total
heat flux are of the same order for both mixture flows. In
this case, the role of electronic degrees of freedom in the
heat transfer is found to be important, especially for nitro-
gen. For the Fire II test case, the thermal diffusion process
plays a dominant role in the heat transfer. This process is
not sensible to electronic excitation, and therefore, the total
heat flux is not affected by the electronic states. It is worth
mentioning that since the signs of various heat flux terms
are different, their competition leads to a noticeable reduc-
tion in the total heat flux in shock heated flows, and thus,
weakens the role of electronically excited states in the over-
all convicted heating.
A strong dependence of flow parameters and heat flux
on the chemical reaction rates is found. Comparison of the
different models for dissociation rate coefficients shows that
the Scanlon model provides a more reliable behavior of fluid
dynamic variables, whereas the McKenzie model yields an
unexpected delay of oxygen dissociation just behind the
shock front and overpredicted heat flux values with the maxi-
mum shifted away from the shock front.
Further studies of the role of electronic excitation in the
heat transfer should take into account the thermal non-
equilibrium and chemical-radiative coupling in a flow. Our
work on the state-to-state transport model accounting for
atomic and molecular electronic degrees of freedom is in
progress.
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